Use of marijuana (Cannabis sativa) often begins in adolescence, and heavy adolescent marijuana use is often associated with impaired cognitive function in adulthood. However, clinical reports of long-lasting cognitive deficits, particularly in subjects who discontinue use in adulthood, are mixed. Moreover, dissociating innate differences in cognitive function from cannabis-induced deficits is challenging. Therefore, the current study sought to develop a rodent model of adolescent cannabinoid self-administration (SA), using the synthetic cannabinoid receptor agonist WIN55,212-2 (WIN), in order to assess measures of relapse/reinstatement of drug seeking and long-term effects on cognitive function assessed in a delay-match-to-sample working memory task and a spatial recognition task. Adolescent male rats readily self-administered WIN in 2-h or 6-h sessions/day, but did not demonstrate an escalation of intake with 6-h access. Rats exhibited significant cue-induced reinstatement of WIN seeking that increased with 21 days of abstinence (ie, 'incubation of craving'). Cognitive testing occurred in adulthood under drug-free conditions. Both 2-h and 6-h adolescent WIN SA groups exhibited significantly better working memory performance in adulthood relative to sucrose SA controls, and performance was associated with altered expression of proteins regulating GABAergic and glutamatergic signaling in the prefrontal cortex. Self-administered WIN did not produce either acute or chronic effects on short-term memory, but experimenter administration of WIN in adolescence, at doses previously reported in the literature, produced acute deficits in short-term memory that recovered with abstinence. Thus, SA of a rewarding cannabinoid in adolescence does not produce long-term cognitive dysfunction.
INTRODUCTION
Marijuana (Cannabis sativa) is the most commonly used illicit substance in the United States, and initiation of use in adolescence is common (Moss et al, 2014) . Cannabis use, particularly in adolescence, is frequently associated with negative long-term functional outcomes. For example, reduced IQ, increased risk for schizophrenia, and impaired working memory have all been associated with adolescent cannabis use (Becker et al, 2014; Gage et al, 2015; Marconi et al, 2016; Meier et al, 2012) . However, a direct causal link between cannabis use and cognitive impairments has not been definitively demonstrated. In most studies, it has been impossible to control for pre-existing differences in cognitive capabilities, genetics, or for use of other substances (Hooper et al, 2014; Rogeberg, 2013) . Moreover, several clinical studies have failed to find differences between cannabis users and controls on cognitive measures (Buchy et al, 2015; Jager et al, 2006; Mokrysz et al, 2016) . Now, with the increasing legalization of marijuana, medicinal use, and perception of safety, it is expected that the use of cannabis and cannabinoid-related compounds in adolescence will continue to rise (Miech et al, 2015) . Therefore, it is critical to increase our understanding of both cannabinoid addiction and the consequences of cannabinoid use on cognitive and emotional function in adolescence.
To date, there has been limited use of translational models for understanding cannabinoid abuse liability, mechanisms of addiction, or effects of self-administered dosing patterns on cognition. Moreover, studies of adolescent selfadministration (SA) of cannabinoids are completely lacking. One reason for the paucity of pre-clinical research is that the primary psychoactive constituent of marijuana, Δ9-tetrahydrocannabinol (THC) is not readily self-administered by rodents (Takahashi and Singer, 1979) . However, the synthetic cannabinoid receptor agonist, WIN55,212-2 (WIN), which is a more potent agonist at cannabinoid receptors (CB) 1 and 2 than THC, is self-administered by rats (Fattore et al, 2001; Justinova et al, 2013; Lefever et al, 2014) . The effects of WIN may be more comparable to the frequently abused synthetic cannabinoids, often referred to as K2 and spice, than to marijuana (Gunderson et al, 2012; Zawilska and Wojcieszak, 2014) , but use of WIN can clarify the effects of cannabinoid receptor agonist SA on behavior. Moreover, in rodents, short-term memory deficits in spatial, novel object, and social recognition are produced by administration of either THC or WIN, and memory deficits are prevented by administration of nonselective CB receptor antagonists (Abush and Akirav, 2012; O'Shea et al, 2004 O'Shea et al, , 2006 Renard et al, 2016; Schneider and Koch, 2003; Wiley and Burston, 2010) . Therefore, any effects of THC on cognition are likely to be recapitulated by WIN. However, the cognitive effects of doses self-administered by animals are unknown. Therefore, the present study established WIN SA in adolescent, male Sprague Dawley rats to determine the long-term effects of adolescent WIN SA on adult cognitive function and addiction-related behaviors. Moreover, owing to the known involvement of the prefrontal cortex (PFC) in working memory performance, particularly excitatory-inhibitory balance in the PFC (Cohen Kadosh et al, 2015; Compte et al, 2000; Michels et al, 2012) , we confirmed PFC involvement in our working memory task and assessed effects of WIN SA on PFC GABAergic and glutamatergic protein expression.
MATERIALS AND METHODS

Animals
A total of 97 male, Sprague Dawley rats (Harlan, Indianapolis, IN) delivered on postnatal day (PD) 22-30 were housed in a climate-controlled room on a 12 h light/dark cycle (lights on at 4 : 30 am) for all experiments. Rats were pair-housed with ad libitum access to food and tap water, except for periods of food restrictions described below. All procedures were approved by the University of Pittsburgh Institutional Animal Care and Use Committee, and were performed in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
Drugs
The synthetic cannabinoid receptor agonist WIN55,212-2 mesylate (WIN; provided by the National Institutes of Mental Health Chemical Synthesis and Drug Supply Program) was dissolved in sterile 0.9% saline with a drop of Tween 80. Fresh stock solutions were prepared every 2-3 days, and were diluted daily with saline for intravenous (IV) and intraperitoneal (IP) administration. The GABA A receptor agonist muscimol and GABA B receptor agonist baclofen (Sigma-Aldrich, St Louis, MO) were dissolved in sterile saline.
Surgical Procedures
Surgeries were performed as described previously (Torregrossa and Kalivas, 2008; Torregrossa et al, 2010 Torregrossa et al, , 2013 . In brief, rats (PD25 or 28) were anesthetized with ketamine (87.5 mg/kg) and xylazine (5 mg/kg), given 5 mg/kg of the analgesic Rimadyl (Henry Schein, Dublin, OH), and were implanted with indwelling jugular catheters (CamCaths, Cambridge, UK). Controls received identical surgical procedures. A separate group of adult rats with previous adolescent working memory training (n = 16) received bilateral intracranial cannulae (22 gauge; Plastics One, Roanoke, VA) aimed at the prelimbic (PL) PFC using the following coordinates (relative to bregma: AP +3.2 mm, ML ± 0.75 mm, DV − 3.2 mm (Paxinos and Watson, 2005 ).
Cannabinoid Self-Administration
Rats were food restricted (15-20 g rat chow per day) to maintain 85-90% of their free-feeding weight and trained to self-administer the synthetic cannabinoid agonist WIN (0.0125 mg/kg/infusion) in standard operant conditioning chambers (Med Associates, St Albans, VT). The chambers contained two retractable levers, a food magazine, a house light, two stimulus lights, a tone generator, and a fan for background noise. The dose for SA was selected based on published studies (Fattore et al, 2001; Justinova et al, 2013) . Rats were trained on a fixed-ratio 1 (FR1) schedule of reinforcement in daily 1-h sessions for 4 days, and then were switched to either 2-h (short-access; n = 12) or 6-h (longaccess; n = 12) SA sessions (see Figures 1a and 3a) . Rats were randomly assigned to an active lever (counterbalanced across groups), and inactive lever responses were recorded, but had no consequences. Each infusion of WIN was paired with a 10 s light/tone-conditioned stimulus and 10 s timeout. Control rats (n = 12/group) followed identical training procedures but responded for sucrose pellets (45 mg; BioServ, Flemington, NJ). Long-access rats were tested for cueinduced reinstatement after 8 and 29 days of abstinence to test for relapse-like behavior and incubation of craving. These rats had 7 days of 1-h lever extinction training, in which active lever responses did not result in a reinforcer or cue presentation. Reinstatement to response-contingent cue presentations was tested in 30-min sessions on PD69 and PD90 (Figure 3a ).
Experimenter-Administered Cannabinoids
A separate group of rats received IP injections of vehicle (n = 17), or WIN (1.2 mg/kg; n = 16) daily throughout adolescence (PD34-54; Figure 5a ). Rats went through a washout period from PD55-71 before working memory training. The WIN dose was chosen based on what has been reported in the literature to produce short-term memory impairments (O'Shea et al, 2006; Schneider and Koch, 2003) .
Delay-Match-to-Sample Working Memory Task
After SA, rats had a ⩾ 10 day washout period where they remained in their homecage before working memory training (⩾ PD70). Rats were trained in daily 1-h sessions in chambers (Med Associates) equipped with five nosepoke apertures, food dispenser, and a fan for background noise. Rats were initially trained to poke into any aperture for a sucrose pellet on an FR1 schedule. Next, a response on a single lighted 'sample' aperture resulted in immediate illumination of three 'choice' apertures. A second response in the sample aperture resulted in sucrose reward (FR1). Once rats reliably responded twice in the correct aperture (475% accuracy), delays were introduced between the sample and the choice phases. Rats performed blocks of trials in which seven delays (0.5-6 s) were presented in random order; each of the seven delays occurred before a new block of trials began. Once rats reached training criterion ( ⩾80% correct 0.5 s delay), the range was increased (0.5-12 s; 0.5-24 s) in order to assess working memory capacity. The rats' behavior was occasionally monitored to ensure movement away from apertures during delay periods.
In addition, if a rat remained seated in front of the original sample aperture, its positioning would be such that it remained in front of all three choice apertures as well, thus requiring the rat to maintain sample information in working memory during the delay. Finally, reaction times for latency to perform correct/incorrect trials were recorded.
Drug Infusions
In order to confirm that our working memory task required functional prefrontal cortex, an inactivation study was performed in a separate group of adult rats (n = 16). Infusions were given by removing obturators and inserting injection cannulae (28 gauge; Plastics One) that extended 1 mm beyond the guide cannulae. The injectors were connected via tubing to Hamilton syringes (Reno, NV) controlled by a syringe pump. Infusions were given in a volume of 0.3 μl over 1 min, and injectors were left in the cannulae for an additional 1 min to allow for drug diffusion. Baclofen and muscimol (bac/mus) were infused at a dose of 0.3/0.03 nmol/side, which are doses known to reversibly inactivate discrete brain regions (McFarland and Kalivas, 2001; Torregrossa et al, 2013) . Control infusions were performed (order counterbalanced across all rats) where rats received the same volume of saline.
Short-Term Spatial and Object Memory Tests
Short-term memory was assessed after 3 weeks long-access WIN SA (Figure 3a) . A subset of rats with a history of experimenter-administered WIN in adolescence (n = 9 vehicle, 8 WIN) were tested immediately after exposure on PD52, and the remaining IP rats (n = 8 vehicle, 8 WIN) were tested after a period of drug-free recovery on PD106 (Figure 5a ). Rats were placed in an open field (43 cm × 43 cm; Med Associates) under dim light and allowed to explore for 5 min. After 2-3 days of habituation, rats were tested for novel object and spatial memory. In the object memory test, rats were allowed to explore two objects placed evenly from opposing corners. All objects were similar in dimension Figure 1 Short-access cannabinoid self-administration during adolescence improves working memory performance in adulthood. (a) Experimental timeline. Rats (n = 12 per group) were trained to self-administer (b) sucrose pellets or (c) WIN55,212-2 (0.0125 mg/kg/infusion). Active lever presses were significantly higher than inactive in every 2-h session for both sucrose and WIN groups. Reinforcers or infusions earned are shown in gray in (b) and (c), respectively. (d) Working memory performance did not differ between self-administration groups during training on 0-12 s delays. (e) Rats with adolescent WIN selfadministration experience exhibited better working memory when the delay range was expanded to 0-24 s. The proportion of correct responses for WIN SA rats was greater than sucrose SA controls across many delays with high cognitive load. Values show group means ± SEM; IV: intravenous; PD: postnatal day; SA: self-administration; WM: working memory; ***po0.001.
Adolescent cannabinoids and working memory EK Kirschmann et al (~11 cm × 11 cm), and material (glass/ceramic) but had distinct textures and color patterns. Rats were returned to their homecages for a~35 min delay, then were returned to the open field for 5 min where one of the original objects was replaced with a novel object. Twenty-four hours after the object memory test, spatial memory was tested. Rats were allowed to explore two objects placed evenly from opposing corners, and after a~35 min delay, were returned to the open field for 5 min where one of the original objects was now in a new spatial location. The testing arena and objects were thoroughly cleaned with 70% ethanol between testing. Data were collected and analyzed offline using AnyMaze software (Stoelting, Wood Dale, IL).
Western Blot Analysis
Short-access SA rats were killed by rapid decapitation, brains flash-frozen in isopentane on dry ice, and stored at − 80°C. Prelimbic (PL) and infralimbic (IL) PFC were excised from 1 mm-thick sections, and were fractionated into membrane-and non-membrane-bound components based on published protocols (Bañuelos et al, 2014) . Protein concentrations were determined using the bicinchoninic acid assay (BCA Protein Assay; Thermo-Scientific Pierce, Waltham, MA), according to the manufacturer's protocol. Samples were denatured and reduced in sample buffer (60 mM Tris (pH 6.8), 10% glycerol, 2% SDS, 0.1% bromphenol blue, and 5% 2-β-mercaptoethanol), and heated to 90°C for 5 min.
Membrane and soluble fractions (20 μg total protein) were resolved by SDS-PAGE (4-12% Tris-glycine gels; Invitrogen) and electrophoretically transferred to nitrocellulose membranes. Membranes were incubated in blocking solution (5% non-fat dry milk in PBS containing 0.1% Tween 20) for 1-h at room temperature. Membranes were incubated at 4°C overnight with specific primary antibodies against the following proteins: GABA receptor subunits GABA B receptor subunit R2 (GABA B R2) (1 : 1000; Cell Signaling, Danvers, MA) and GABA A R1α (1 : 10 000; Abcam, Cambridge, UK); GAT-1 (1 : 5000; Abcam); GAD67 (1 : 7000; EMD Millipore, Billerica, MA); GAD65 (1 : 1000 EMD Millipore); NMDA receptor subunit NR2B (1 : 500; EMD Millipore) and phosphorylated (serine 1303) pNR2B (1 : 500; EMD Millipore); and loading control GAPDH (1 : 1000; EMD Millipore). Antigen binding was visualized with secondary fluorescent antibodies (IRDye 800 CW anti-rabbit, 1 : 5000; IRDye 680 CW anti-mouse, 1 : 5000). All primary and secondary antibodies were diluted in blocking solution (50% LI-COR Odyssey blocking buffer/50% PBS). Protein expression was quantified using LI-COR-Odyssey imaging software, with each sample normalized to its own GAPDH expression, and expression for the WIN group within a gel normalized to average levels of the sucrose group.
Statistical Analyses
Differences in working memory accuracy were determined using a two-factor repeated measures ANOVA (group × delay). Latencies to complete correct or incorrect trials were analyzed by independent samples t-tests. Cue-induced reinstatement and incubation of craving in long-access SA groups was analyzed with one-way ANOVAs on active lever presses and inactive lever presses separately, followed by Bonferonni's-corrected t-tests. Protein expression in PL and IL cortices were analyzed by independent samples t-tests. Differences in short-term spatial and object memory were determined using two-factor ANOVAs (treatment × zone) separately for each treatment type (SA vs IP) and each test (spatial vs object memory). All statistical analyses were performed using the SPSS software package version 21.0 (SPSS, Chicago, IL).
RESULTS
Effects of Short-Access Cannabinoid Self-Administration during Adolescence on Working Memory
In the first experiment, we examined whether adolescent short-access SA of the synthetic cannabinoid receptor agonist WIN55,212-2 (WIN) would alter working memory performance in adulthood (Figure 1a) . Rats learned to self-administer sucrose pellets and WIN over a similar timeframe (Figure 1b and c) . Importantly, rats responding for WIN pressed the active lever significantly more than the inactive lever (main effect of lever, F (11, 242) = 9.00, po0.001).
Following 435 days of abstinence, rats remained drug free and were trained on a delay-match-to-sample working memory task as adults. There were no differences between rats with a history of adolescent sucrose or WIN SA during training on 0.5-12 s delays, as two-way analysis of variance with repeated measures (rmANOVA) indicated no effect of SA condition (F (6,21) = 0.15, p40.05) or SA × delay interaction (F (6,126) = 1.03, p40.05) (Figure 1d ). However, when delays increased to a range from 0-24 s, rmANOVA revealed a significant main effect of delay (F (6,66) = 43.5, po0.001), and main effect of SA (F (1,11) = 11.88, p = 0.006) (Figure 1e ), Figure 2 Short-access cannabinoid self-administration during adolescence alters prefrontal GABAergic and glutamatergic signaling. (a) GABA B receptor subunit GABA B R2, (b) GAT-1, (c) phosphorylated NMDA receptor subunit NR2B on serine 1303 (pNR2B), and (d) GAD65 protein expression (protein of interest immunoreactivity relative to GAPDH immunoreactivity in the same sample), in prelimbic and infralimbic samples from rats with a history of adolescent sucrose or WIN55,212-2 self-administration (n = 6-8 per group per protein). Ratios of the protein of interest/GAPDH immunoreactivity for rats that selfadministered WIN are expressed relative to the same ratio for rats that self-administered sucrose included on the same membrane. Representative western blots of the prelimbic and infralimbic regions of a rat from the sucrose SA group and a rat of the WIN SA group are shown above. Working memory performance across 8, 12, and 16 s delays was averaged to create a Mid Delay Performance score. GABA B R2 expression in the (e) prelimbic region of the prefrontal cortex tended to relate to Mid Delay Performance, in that better performance corresponded to increased GABA B R2 expression. (f) GABA B R2 expression in the infralimbic did not correspond to better performance. (g) Implantation of bilateral guide cannulae aimed at the prelimbic prefrontal cortex and bilateral vehicle (saline) infusions did not affect working memory performance. Bilateral baclofen/muscimol infusions significantly reduced performance across all delays, particularly at high cognitive load (⩾4 s). Values show group means ± SEM; individual data points are displayed as circles; pfc: prefrontal cortex; ***po0.001, **po0.01, $ po0.05 vs 0.5 s. (h) Histological representation of infusion sites for bac/mus experiment.
indicating that adult rats with a history of adolescent WIN SA performed significantly better than did adult rats with a history of adolescent sucrose SA, particularly when switched to a task with increased cognitive load. In addition, we examined the latency to respond on correct and incorrect trials, and latency to begin a new trial after a correct or incorrect response. There were no significant differences between the WIN and sucrose SA groups on any of these measures (all p40.05; data not shown). However, there was a trend for the 2-h WIN SA group to respond faster on correct trials than the sucrose group (p = 0.08; data not shown), suggesting that increased attention and/or motivation in this group may have contributed to their better performance.
Effects of Adolescent Cannabinoid Self-Administration on Prefrontal Cortical Protein Expression
We next examined changes in prefrontal GABAergic and glutamatergic-signaling protein expression in a subset of the adolescent sucrose and WIN SA groups (n = 6-8 per group per protein). The proteins examined were chosen based on published research indicating involvement in working memory (Bañuelos et al, 2014) . Rats with a history of WIN SA exhibited significantly increased expression of the GABA B R2 in the PL (t (13) = 5.42, po0.001), and IL PFC (t (14) = 5.09, po0.001) (Figure 2a) . No other proteins examined showed altered expression in the PL PFC. However, in the IL PFC, we observed increased expression of the GABA transporter (GAT-1) (t (14) = 3.95, p = 0.002; Figure 2b ) and a phosphorylated subunit of the NMDA receptor on serine 1303, which is mediated by CaMKII and associated with membrane localization (pNR2B) (t (14) = 3.47, p = 0.004; Figure 2c ). Expression of the GABA A R1α subunit did not differ between groups (p40.05; data not shown). Expression of the GABA-synthesizing enzymes GAD65 and GAD67 did not differ between groups (p40.05; Figure 2d , and data not shown).
To relate changes in GABAergic signaling protein expression to prefrontal-dependent cognitive abilities, we correlated individual protein expression levels with performance on the working memory task. We averaged performance across delays where accuracy was greater than chance and that were presumed to produce high cognitive load (8, 12, and 16 s) to create an index of individual working memory ability (Mean Mid Delay). As shown in Figure 2e , expression of GABA B R2 in the PL region seemed to relate to working memory ability, such that better performance corresponded to increased GABA B R2 expression (Pearson's correlation between PL GABA B R2 expression and Mean Mid Delay Performance: r = 0.38, p = 0.16). However, a larger sample size is needed to definitively confirm or reject this potential relationship. There was not a significant correlation between performance and GABA B R2 expression in the IL region, however (Pearson's correlation between IL GABA B R2 expression and Mean Mid Delay Performance: r = 0.10, p = 0.72; Figure 2f ). Working memory performance was not significantly correlated with any of the other proteins examined.
We confirmed that accurate performance on the working memory task required activity in the PL PFC in a separate cohort of adults, as intra-PL infusion of the GABA A/B receptor agonists baclofen/muscimol (0.3 nmol/0.03 nmol) significantly reduced accuracy across delays with high cognitive load (main effect of treatment: F (3,48) = 20.53, po0.001; Figure 2g ). We cannot rule out a potential contribution of activity in the IL cortex to working memory, as it is possible the infusion spread to this region. However, Figure 2h illustrates that the location of placements in the PL cortex were quite dorsal to the IL cortex (n = 14; two misses were excluded from analyses).
Effects of Long-Access Cannabinoid Self-Administration during Adolescence on Short-Term Memory and Working Memory
In the second experiment, we examined whether extendedaccess SA of WIN during adolescence would result in greater WIN exposure, and subsequently impair working memory in adulthood (Figure 3a) . Figure 3b illustrates the SA acquisition curve for WIN in long-access (6-h) sessions. Rats were trained as in experiment 1, but sessions increased from 1 to 6-h on the fifth day of training. Rats responding for WIN pressed the active lever significantly more than the inactive lever (main effect of lever, F (1, 11) = 115.60, po0.001). Active lever presses were stable by day 12 of SA (main effect of day, F (18, 198) = 8.29, po0.001; day × lever interaction, F (18, 198) = 4.19, po0.001). However, rats did not demonstrate any evidence of 'escalation of intake' with 6-h access as has been reported for adult rats responding for multiple other drugs of abuse (Edwards and Koob, 2013) , and did not substantially differ in their total intake from the 2-h access group. We examined the pattern of intake across the 6-h session, and it was evenly distributed across the first and second halves of the session (no significant difference in average intake during first 3-h and second 3-h: t (14) = 0.95, p = 0.36).
Twenty-four hours after the final WIN exposure, spatial recognition and object recognition were assessed, to measure acute effects of WIN SA on short-term memory, using tasks previously reported to be sensitive to experimenter administered WIN (Abush and Akirav, 2012; O'Shea et al, 2004 O'Shea et al, , 2006 Schneider et al, 2008) . In the spatial recognition test, rats with a history of sucrose SA demonstrated intact shortterm spatial memory, with increased investigation of an object in a novel spatial location (Figure 3c ). The WIN SA group behaved similarly, with no evidence of a memory deficit (Figure 3c ) (two-way ANOVA, main effect of zone: F (1,44) = 62.6, po0.001; no main effect of treatment: F (1,44) = 1.54, p40.05; no treatment × zone interaction: F (1,44) = 0.97, p40.05). Contrary to what is typically observed in the object recognition test (Antunes and Biala, 2012; O'Shea et al, 2006; Schneider and Koch, 2003) , all rats tended to avoid rather than prefer exploring a novel object. This may be due to the age of testing, or another unknown parameter. Nevertheless, avoidance still indicates the ability to discriminate between novel and familiar objects. As such, rats with a history of sucrose SA showed intact short-term object memory, as did rats with a history of WIN SA (Figure 3d ) (main effect of zone: F (1,44) = 16.93, p = 0.002; no main effect of treatment: F (1,44) = 0.87, p40.05; no treatment × zone interaction: F (1,44) = 0.86, p40.05). Together, these results suggest that adolescent WIN SA does not impair short-term memory under these experimental conditions.
Rats were then trained on the working memory task, as in experiment 1 (11 day drug washout period prior to any training). Similar to short-access SA, there were no differences between rats with a history of adolescent sucrose or WIN SA at any point in task training or when delays were expanded to 0.5-12 s (p40.05; data not shown). However, when the delay range was expanded to 0.5-24 s (Figure 3e ), we again observed better working memory performance in the WIN SA group, with rmANOVA revealing a significant main effect of delay (F (6,132) = 80.5, p = o0.001), and group × delay interaction (F (6,132) = 2.25, p = 0.04). Post hoc analyses revealed that WIN SA rats performed significantly better at delays with high cognitive load (12 s).
Cue-Induced Reinstatement of WIN Seeking
We also examined whether long-access SA was able to elicit relapse-like behavior or the incubation-of-craving phenomenon that has been established with other drugs of abuse (Grimm et al, 2001; Pickens et al, 2011) . Figure 4a shows lever extinction training data across days. The following day (8th day of abstinence), rats were tested for cue-induced reinstatement of WIN seeking in a 30-min session. Rats with a history of long-access WIN SA significantly increased the rate of responding on the active lever compared with the last day of extinction (paired t-test, rate of lever presses on last day of extinction vs rate of lever presses on reinstatement: t (11) = 3.08, p = 0.010; Figure 4b ). Rats were tested again 3 weeks later (29th day of abstinence), and the rate of responding on the formerly active lever was further increased, indicating an incubation of craving (paired t-test, rate of lever presses on reinstatement day vs on incubation day: t (11) = 5.59, po0.001; Figure 4b ). The total number of lever presses are also shown (Figure 4c) , which also indicates a significant increase in responding from abstinence day 8-29 (po0.001); and the lack of difference between the last day of extinction and day 8 of abstinence (reinstatement) is due to the difference in session length. Figure 3 Long-access cannabinoid self-administration during adolescence has no effect on short-term memory, but improves working memory performance, in adulthood. (a) Experimental timeline. Rats (n = 12 per group) were trained to self-administer sucrose pellets or WIN55,212-2 (0.0125 mg/kg/ infusion). (b) Active lever presses for WIN were significantly higher than inactive presses across training days. Infusions earned are shown in gray. Twenty-four hours after last self-administration session, rats were tested for short-term spatial (c) and object (d) memory. Rats with a history of sucrose or WIN SA during adolescence exhibited intact short-term spatial memory, with increased time spent investigating an object in a novel location. Both sucrose SA and WIN SA rats discriminated familiar from novel objects, and thus exhibited intact short-term memory for objects as well. (e) Rats trained to self-administer WIN in 6-h sessions during adolescence showed improved working memory performance in adulthood with an 0-24 s delay range. The proportion of correct responses for WIN SA rats was greater than sucrose SA controls across delays with high cognitive load. Values show group means ± SEM; ***po0.001, **po0.01, *po0.05.
Immediate and Prolonged Effects of ExperimenterAdministered Cannabinoids During Adolescence on Cognition
Experimenter-administration of WIN has been reported to cause short-term memory deficits (Abush and Akirav, 2012; O'Shea et al, 2006) , which we did not observe after SA. In order to determine whether differences in dose received explain our conflicting findings, we first verified that we could replicate previous studies showing that 1.2 mg/kg/day of IP WIN during adolescence produces short-term memory deficits. We then determined whether that dosing regimen would affect adult working memory performance (Figure 5a ).
Rats were tested for short-term spatial and object memory 24 h after the last IP WIN injection. As with the SA groups, the IP vehicle group exhibited intact short-term spatial memory (Figure 5b) . However, rats with a history of IP WIN had impaired short-term spatial memory (Figure 5b ) (twoway ANOVA, main effect of zone: F (1,30) = 7.05, p = 0.013; main effect of treatment: F (1, 30) = 5.72, p = 0.023; treatment × zone interaction: F (1, 30) = 6.58, p = 0.02). Similar to the SA experiment, rats with a history of IP vehicle tended to avoid the novel object, while rats with a history of IP WIN failed to discriminate between the familiar and novel objects (Figure 5c ) (no main effect of zone: F (1, 30) = 2.42, p40.05; no main effect of treatment: F (1, 30) = 0.47, p40.05; trend for zone × treatment interaction: F (1, 30) = 3.43, p40.07). This suggests that IP WIN during adolescence impaired shortterm object memory as well.
Next, these rats were trained on the working memory task (17 day drug washout period prior to any training). Similar to short-and long-access SA, there were no differences between rats with a history of IP vehicle or IP WIN during adolescence at any point in task training (p40.05; data not shown). When the delay range was expanded to 0-24 s (Figure 5d ), rmANOVA revealed a significant main effect of delay (F (6,186) = 88.0, p = o0.001), but no effect of IP treatment (F (1,31) = 0.45, p40.05), or treatment × delay interaction (F (6,186) = 0.91, p40.05), indicating that IP WIN in adolescence did not alter working memory function. However, a slight reduction in accuracy at the 8 s delay raises the possibility that exposure to even higher doses of WIN may have detrimental consequences for working memory.
Finally, because working memory performance was not significantly impaired, we examined whether short-term memory function remained impaired after prolonged abstinence. A separate cohort of rats that had received IP WIN or vehicle during adolescence were tested in the shortterm spatial memory task, as described, with the exception that the test occurred 52 days after final WIN exposure (Figure 5a) . A history of IP vehicle resulted in intact shortterm spatial memory, as expected (Figure 5e ). Likewise, rats Figure 4 Rats with a history of long-access WIN55,212-2 self-administration during adolescence demonstrate cue-induced reinstatement of drug-seeking. (a) WIN SA rats were extinguished on response-contingent drug administration during 1-h sessions for 1 week. Active lever presses reduced to similar numbers as inactive lever presses. (b) Relapse of drug-seeking behavior was tested 1 and 21 days later (corresponding to 8 and 29 days of abstinence). Rats significantly increased responding on day 8, indicating reinstatement of drug-seeking behavior; and this effect was magnified when rats were tested on day 29 of abstinence, indicating an incubation of craving. (c) Total number of lever presses for the last day of extinction (abstinence day 7; 1-h session), day 8 of abstinence (30-min session) and day 29 of abstinence (30-min session). Rats had a significant increase in responding from abstinence day 8-29, and the lack of difference between the last day of extinction and day 8 of abstinence is due to the difference in session length. Values show group means ± SEM; ***po0.001, **po0.01, *po0.05.
with a history of IP WIN did not have deficits in short-term memory (Figure 5e ) (two-way ANOVA, main effect of zone: F (1,28) = 31.5, po0.001; no main effect of treatment: F (1,28) = 0.03, p40.05; no treatment × zone interaction: F (1,28) = 1.65, p40.05), suggesting that the acute deficits described above were temporary, and that memory recovered with continued abstinence.
Thus, we were able to replicate prior reports showing that 1.2 mg/kg/day WIN can produce acute deficits in short-term memory that were not observed after SA of WIN. However, the average daily dose of self-administered WIN was 0.216 mg/kg, and the highest dose any rat self-administered during a session was 0.6 mg/kg, suggesting that memory impairing doses of a cannabinoid receptor agonist are not readily achieved under SA conditions.
DISCUSSION
The aim of the present study was to determine whether an adolescent cannabinoid SA model could be developed to explore the abuse liability of adolescent-onset cannabinoid use and for determining long-term effects of cannabinoid exposure under SA conditions on cognitive function. Contrary to expectations, adolescent SA of WIN improved performance on a delay-match-to-sample working memory task in adulthood. The same results were observed in two cohorts of rats, regardless of whether they received 2-or 6-h access SA sessions. Moreover, we found no evidence of either acute or long-lasting deficits in short-term memory for a novel object or location, further suggesting that cannabinoid exposure under SA conditions is less detrimental than previous studies using experimenter-administration would suggest. Figure 5 Experimenter-administered cannabinoids during adolescence acutely impair short-term memory, but have no effect on working memory performance in adulthood. (a) Experimental timeline. Rats received daily intraperitoneal (IP) injections of WIN (1.2 mg/kg; n = 16) or vehicle (n = 17) during adolescence. (b) Twenty-four hours after the last IP injection, short-term spatial (b) and object (c) memory was assessed in one cohort of IP WIN (n = 8) and IP vehicle (n = 9) rats. Rats with a history of IP vehicle exhibited intact short-term spatial memory, whereas rats with a history of IP WIN during adolescence did not discriminate between the two locations, indicating a short-term spatial memory deficit. Rats with a history of IP vehicle during adolescence tended to discriminate familiar from novel objects, and thus exhibited intact short-term memory for objects. Rats with a history of IP WIN during adolescence did not discriminate between the two objects, indicating a deficit in short-term recognition memory. (d) Adult working memory was not different in rats that received IP WIN or IP vehicle during adolescence. (e) After extended abstinence from IP WIN (n = 8) or IP vehicle (n = 8), both groups exhibited intact short-term memory, indicating recovery from the acute deficits induced by WIN. Values show group means ± SEM; ***po0.001, *po0.05.
Conditions of Cannabinoid Exposure in Adolescence Differentially Impact Cognition
The difference between SA and experimenter-administration could be owing to having volitional control over intake, differences in the pattern of intake with the accumulation of small IV doses of WIN, or differences in the total dose of WIN achieved. Indeed, rats in our study self-administered a maximum of 0.6 mg/kg, and averaged~0.22 mg/kg/day. In comparison, studies using experimenter-administered dosing in rodents only find short-term memory deficits at daily doses of 1.2 mg/kg, which we replicated here (Abush and Akirav, 2012) . In addition, adolescent primates receiving repeated experimenter-administered THC were impaired in a spatial-based, but not object-based, memory task, in a dosedependent manner (Verrico et al, 2012) . Therefore, differences in dose alone may be sufficient to explain our results. Indeed, experimenter-administration of 1.2 mg/kg/day WIN did not produce working memory improvements, however, it also did not produce deficits, suggesting that the lower dose exposure and/or control over intake that occurred under SA conditions was necessary for working memory improvements. It is also important to note that a significant abstinence period was introduced between WIN exposure and working memory testing; thus, it is possible that temporary working memory impairments could have been observed, were we able to test working memory immediately following WIN exposure. Indeed, Lewis and colleagues have reported a blunted trajectory of spatial working memory improvements in adolescent primates receiving experimenter-administered THC and tested 24-72 h after exposure (Verrico et al, 2014) . Finally, the rewarding/ aversive properties of WIN may have had a role in the experimental differences observed. Self-administration of WIN indicated a reinforcing effect (rats continued to respond for cues previously paired with drug delivery), whereas experimenter-administration of WIN may be a pharmacological stressor (Quinn et al, 2008) . The anxiogenic stress-like effects of forced exposure may be the cause of cognitive deficits we observed acutely in the short-term memory tests, as well as in those reported in previous studies (Klein et al, 2011; O'Shea et al, 2004; Quinn et al, 2008) .
Altered Prefrontal GABAergic Tone May Mediate Changes in Cognition Observed After Adolescent WIN Self-Administration
In addition, we were able to identify changes in protein expression in the PFC that may mediate the improvement in working memory produced by adolescent WIN SA. Interestingly, although we found that activity of the PL PFC was required for accurate working memory performance in our task as reported by others (Gilmartin et al, 2013; Horst and Laubach, 2009) , we observed the majority of changes in protein expression in the IL PFC. In both the PL and IL we found increased surface expression of subunit 2 of the GABA B R in the WIN SA group, however, only PL GABA B R2 expression tended to be positively associated with performance. Clinical studies in healthy subjects using combined TMS-EEG over the dorsolateral PFC also find that greater GABA B R-mediated inhibition is associated with better working memory performance (Daskalakis et al, 2008; Rogasch et al, 2015) .
Interestingly, age-related declines in working memory are also associated with changes in prefrontal (combined PL and IL) expression of the GABA B R subunit 2, GAT-1, GAD65, and GAD67 (Bañuelos et al, 2014) . The expression pattern of the WIN SA group appears more like the young rats, consistent with better working memory performance. Bañuelos et al also found that GABA B R inhibition selectively impaired working memory in young rats, suggesting that different mechanisms may mediate working memory impairments associated with aging. Indeed, previous work testing the effects of GABA receptor manipulations on working memory suggest that there is likely a tight inverted-U function, where too much or too little GABA signaling can produce working memory deficits (Auger and Floresco, 2015; Escher and Mittleman, 2004) .
Adolescent WIN Self-Administration Induces Some Addiction-Like Behaviors
Despite the lack of working memory deficits, we observed clear indications of addiction-like effects from WIN SA, including cue-induced reinstatement and incubation of craving. However, extended access (6-h) SA conditions did not lead to escalation of intake over days, as has been reported for other drugs of abuse (Edwards and Koob, 2013) . The consistent amount of intake observed, regardless of session length, suggests that the mechanisms mediating escalation for other drugs of abuse are not applicable to cannabinoids, or that there are delayed aversive effects that limit further SA. Indeed, higher unit doses of WIN are not readily self-administered by rats (Fattore et al, 2001) . Nevertheless, escalation of intake has not been reported in adolescents to our knowledge, which raises the possibility that age may also influence this phenomenon.
CONCLUSIONS
In conclusion, we report the first rodent model of adolescent cannabinoid SA, and have found that adolescent cannabinoid SA alone is not sufficient to produce long-lasting memory deficits. Our data seem consistent with the human literature, which indicates that the largest memory deficits in cannabis users are observed in those who maintain high levels of intake into adulthood, and not in those individuals who use infrequently or are not currently using (Crean et al, 2011a,b; Ganzer et al, 2016; Solowij and Battisti, 2008) . Finally, our data do support that cannabinoid SA can result in relapse-like behavior, underscoring the potential abuse liability of cannabinoids in adolescents.
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